All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

F~1~F~o~-ATP synthase is an evolutionarily conserved enzyme that synthesizes ATP from ADP and P~i~ using a H^+^ gradient that the electron transport chain complexes generate \[[@pone.0181984.ref001],[@pone.0181984.ref002]\]. When the electrochemical proton gradient that spans the mitochondrial inner membrane collapses---for example, during ischemia---ATP synthase catalyzes the back reaction and hydrolyzes ATP (F~1~F~o~-ATPase) to conserve the mitochondrial membrane potential (Δ*ψ*~m~) \[[@pone.0181984.ref003]--[@pone.0181984.ref005]\]. Therefore, ATPase Inhibitor Factor 1 (IF~1~) regulates F~1~F~o~-ATPase hydrolyzing activity and maintains cellular ATP \[[@pone.0181984.ref003],[@pone.0181984.ref006],[@pone.0181984.ref007]\]. Several groups have attributed different roles to IF~1~ apart from its canonical function in regulating F~1~F~o~-ATPase; however, some of them are contradictory. For example, some studies have proposed that IF~1~ regulates the mitochondria volume through autophagy \[[@pone.0181984.ref008]\] and promotes the dimeric form of F~1~F~o~-ATP synthase complexes \[[@pone.0181984.ref004],[@pone.0181984.ref009],[@pone.0181984.ref010]\] that may influence mitochondria cristae formation \[[@pone.0181984.ref004]\]. Furthermore, Faccenda *et al*. observed that the disruption of mitochondria cristae, due to the down-regulation of IF~1~, increased cytochrome *c* liberation and apoptosis \[[@pone.0181984.ref011]\]. By contrast, Fujikawa *et al*. (2012) from the Yoshida group found that IF~1~ knockdown (KD) HeLa cells were neither affected in mitochondria volume nor in diminished cristae formation \[[@pone.0181984.ref012]\]; the same observation was made by other groups \[[@pone.0181984.ref013]--[@pone.0181984.ref015]\]. Fujikawa *et al*. explained that these differences might be due to the methods used for silencing IF~1~ expression \[[@pone.0181984.ref012]\]. While Campanella and Faccenda \[[@pone.0181984.ref004],[@pone.0181984.ref011]\] used transient knockdown, Fujikawa *et al*. suppressed IF~1~ permanently \[[@pone.0181984.ref012]\]. Recently, the Campanella and Yoshida groups performed a more extensive analysis of mitochondria in the permanent KD cells and observed that, indeed, mitochondria cristae and volume are affected when IF~1~ is silenced \[[@pone.0181984.ref016]\].

It has also been observed that IF~1~ protects cultivated cells from stress. Campanella *et al*. (2008) found that IF~1~ down-regulated cells showed increased cell death when cultivated in glucose-free medium and exposed to anoxia \[[@pone.0181984.ref004]\]. Similarly, Fujikawa *et al*. (2012) exposed IF~1~-KD cells to 2-deoxyglucose (glycolysis inhibitor) and cyanide (respiratory inhibitor) and observed that these cells died faster than control cells and were more sensitive to paraquat \[[@pone.0181984.ref012]\]. By contrast, Chen *et al*. found that the loss of IF~1~ increased cell survival against complex III inhibition, proposing that IF~1~ inhibition might help ameliorate severe mitochondrial respiratory chain disorders \[[@pone.0181984.ref014]\]. To explain IF~1~-KD susceptibility to stressful conditions, Campanella *et al*. and Fujikawa *et al*. \[[@pone.0181984.ref004],[@pone.0181984.ref012]\] suggested that IF~1~-KD cells continue depleting ATP, and the lack of ATP makes cells more sensitive to stress. Additionally, Chen *et al*. \[[@pone.0181984.ref014]\] proposed that IF~1~ knockout (KO) boosts Δ*ψ*~m~ with the loss of ATP, improving mitochondria health and promoting cell survival.

One way to conciliate these results is to study IF~1~ function in model organisms. In zebrafish, *atpif1a* loss-of-function mutants and morpholino KD fish lack hemoglobinized cells, resulting in anemia \[[@pone.0181984.ref013]\]. The mechanism that leads to the anemic phenotype was elucidated by silencing *atpif1* in mouse erythroleukemia cells (MELs). *atpif1* KD cells showed an increase in Δ*ψ*~m~, leading to an alkaline pH in the mitochondria and altering the activity of the mitochondrial FECH enzyme, which synthesizes the heme group \[[@pone.0181984.ref013]\]. Surprisingly, IF~1~-KO mice showed no evident phenotype and had no differences compared with wild-type animals in ATP synthesis or hydrolysis, F~1~F~o~-ATPase dimer content or autophagy \[[@pone.0181984.ref017]\]. Recently, a more extensive analysis of the mitochondria ultra-structure in the KO mice showed fewer cristae formation and scarcer mitochondria per field \[[@pone.0181984.ref016]\].

To study additional IF~1~ function *in vivo*, we used the nematode *Caenorhabditis elegans*. The *C*. *elegans* genome encodes two ATPase inhibitor proteins MAI-1 and MAI-2 \[[@pone.0181984.ref018]\]. Previously, Ichikawa *et al*. (2006) characterized *C*. *elegans* MAI-1 and MAI-2 proteins localization and biochemical parameters in yeast and found that both proteins had inhibitory activity for the ATPase. However, MAI-1 is localized in the yeast´s cytoplasm, while MAI-2 is localized in the yeast´s mitochondria \[[@pone.0181984.ref019]\]. To corroborate whether MAI-1 and MAI-2 localization in yeast was conserved in *C*. *elegans*, we generated GFP::MAI-1 and MAI-2::GFP transgenic animals and observed that MAI-2::GFP is localized in the mitochondria and is expressed ubiquitously, whereas GFP::MAI-1 is expressed in specific tissues of the nematode in a non-mitochondrial pattern. Our work confirms that MAI-1 is not a mitochondrial protein and, because MAI-2 has a more conventional expression pattern and role for IF-1, we studied *mai-2* function.

We generated, by CRISPR/Cas9 genome editing, two different mutant alleles for *mai-2*. In contrast to previous phenotypes described in KD cell lines, we found that *mai-2* mutants displayed no significant differences in the oxygen consumption rate, total ATP concentration, mitochondrial network and F~1~F~o~-ATP synthase dimerization. Interestingly, we found that *mai-2* mutant animals had hyperpolarized mitochondria and showed decreased physiological germ cell apoptosis. When the mutants were exposed to different stresses, we found that the germ cell apoptosis response was decreased compared with that of the control, suggesting that MAI-2 affects the germ cell response to stress. Furthermore, when we exposed *mai-2* mutants to heat shock, oxidative stress and mitochondria-disturbing agents such as cyanide, an electron transport chain inhibitor and a CCCP uncoupler, we observed that *mai-2* mutant animals were more vulnerable than wild-type. Our results showed that, in an organism such as *C*. *elegans*, MAI-2 appears to be non-essential under physiological conditions; however, when animals encounter stress, the survival of the whole organism seem to be affected.

Materials and methods {#sec002}
=====================

Strains {#sec003}
-------

*C*. *elegans* strains were maintained on NGM-lite agar plates seeded with *Escherichia coli* (*E*. *coli*) strain OP50 bacteria \[[@pone.0181984.ref020],[@pone.0181984.ref021]\]. Strains are indicated in [Table 1](#pone.0181984.t001){ref-type="table"}.

10.1371/journal.pone.0181984.t001

###### Strains.

List of strains that were used in this study, their genotype, and optimal temperatures is shown.

![](pone.0181984.t001){#pone.0181984.t001g}

  Strains   Genotype                                                                                         Growth Tempertaure   References
  --------- ------------------------------------------------------------------------------------------------ -------------------- ----------------------------
  RN69      \[*Pmai-2*::*mai-2*::*GFP*::*mai-2 3'*UTR*; unc-119*(+)\][\*](#t001fn001){ref-type="table-fn"}   24°C                 This work
  RN80      \[*Pmai-2*::*mai-2*::*GFP*::*mai-2 3'UTR; unc-119*(+)\]*;xmSi01*                                 24°C                 This work
  EG6699    *ttTi5605 II; unc-119(ed3) III oxEx1578*                                                         15°C                 \[[@pone.0181984.ref026]\]
  RN37      *xmSi31*\[*Pmai-1*::*mai-1*::*mCherry*::*mai-1 3'*UTR, *Cbr unc-119*(+)\]II                      24°C                 This work
  RN38      *xmSi32*\[*Pmai-1*::*GFP*::*mai-1*::*mai-1 3'*UTR, *Cbr unc-119*(+)\]II                          24°C                 This work
  RN15      *xmSi01*\[*Pmex-5*::*tomm-20*::*mcherry*::*tbb-2 3'*UTR*; Cbr unc-119*(+)\]II                    24°C                 This work
  MD701     *bcIs39*\[*Plim-7*::*ced-1*::*GFP; lin-15*(*+*)\]V                                               24°C                 \[[@pone.0181984.ref051]\]
  RN70      *mai-2(xm18)* IV*; bcIs39* V                                                                     24°C                 This work
  RN71      *mai-2(xm19)* IV*; bcIs39* V                                                                     24°C                 This work
  SD1347    *ccIs4251*\[*Pmyo-3*::*GFP*::*LacZ+Pmyo-3*::*mitoGFP+dpy-20*(*+*)\]I                             20°C                 \[[@pone.0181984.ref052]\]
  RN79      *mai-2(xm18) IV; ccIs4251* I                                                                     20°C                 This work

\* The LG for the insertion has not been defined.

Generation of translational reporters {#sec004}
-------------------------------------

The cloning of *mai-1* and *mai-2* were done using MultiSite Gateway (Thermo Fisher Scientific) and all inserts were amplified from genomic DNA. For the transgene carrying *Pmai-2*::*mai-2*::*gfp*::*mai-2* 3'*-*UTR ([Fig 1C](#pone.0181984.g001){ref-type="fig"}, line 5), we amplified a 1796 bp fragment upstream of *mai-2*, for the coding region a 852 bp fragment from the ATG start codon until the end of the gene without a stop codon, a 910 bp fragment of *gfp* from template pCM1.53 (Addgene \#17250) was fused with a 182 bp *mai-2* 3'*-*UTR by PCR overlap extension \[[@pone.0181984.ref022]\]. The PCR products were gel-purified, *mai-2* promoter was cloned in the donor vector pDONRP4-P1R (Gateway vector), *mai-2* coding region was cloned in the donor vector pDONR221 (Gateway vector) and the chimera *gfp*-*mai-2* 3'-UTR was cloned in pDONRP2R-P3 (Gateway vector). The construct *Pmai-2*::*mai-2*::*gfp*::*mai-2* 3´*-*UTR was cloned into the pCFJ150 vector and were bombarded into HT1593 *unc-119(ed3)* animals \[[@pone.0181984.ref023]\] using standard procedures \[[@pone.0181984.ref024],[@pone.0181984.ref025]\]. To study the expression pattern, we chose to study a transgenic line that showed high expression in both tissues. For *Pmai-2*::*mai-2*::*gfp*::*mai-2* 3´*-*UTR we obtained twelve independent transgenic lines, three of which showed expression in the soma and germline.

![Alleles and translational reporters used to study the function of mitochondria ATPase inhibitors in *C*. *elegans*.\
(A) The *mai-1* and *mai-2* genes are composed of 2 exons (gray rectangles) and one intron (thin line). (B) We generated two mutant alleles, *mai-2(xm18)* and *mai-2(xm19)*, by CRISPR/Cas9 genome editing. Both mutant alleles encode two truncated MAI-2 proteins that conserve the mitochondrial targeting sequence (MTS) but lack the inhibitory domain (ID) and histidine-rich region (HRR), which are essential for MAI-2 function and regulation (3,4). The dotted line (---) in the *mai-2(xm19)* product represents a randomly formed sequence of amino acids (4). (C) To study protein localization, we generated translational reporters for MAI-1 and MAI-2 (5--7). We inserted, in the carboxyl-terminal, a GFP construct for MAI-2 (5); for MAI-1, we inserted a carboxy-terminal mCherry (6) and an amino-terminal GFP (7).](pone.0181984.g001){#pone.0181984.g001}

For the transgene carrying *Pmai-1*::*gfp*::*mai-1*::*mai-1* 3'-UTR ([Fig 1C](#pone.0181984.g001){ref-type="fig"}, line 7) we amplified a 2002 bp fragment from the intergenic region upstream *mai-1* and for the coding region containing the 3'-UTR we amplified a 932 bp fragment from the ATG start codon until the end of the longest 3'-UTR reported (Wormbase release WS224). The PCR products were gel-purified, and the promoter region was cloned by recombination into the pDONRP4-P1R, while the coding region was cloned into pDONRP2R-P3. For the *gfp* sequence we used the donor vector pCM1.53. For the transgene carrying *Pmai-1*::*mai-1*::*mCherry*::*mai-1* 3'-UTR ([Fig 1C](#pone.0181984.g001){ref-type="fig"}, line 6) we used the same *mai-1* promoter described above, for *mai-1* coding region we amplified a 567 bp fragment from the ATG start codon until the end of the gene without stop codon. A *mCherry* fragment of 864 bp was amplified using as template pCFJ104 (Addgene \#19328) and for *mai-1* 3'-UTR we amplified a fragment of 356 bp. We fused *mCherry* fragment with *mai-1* 3'-UTR by PCR overlap extension. The PCR products were purified, and the promoter was cloned through recombination in the donor vector pDONRP4-P1R, *mai-1* coding region was cloned in donor vector pDONR221, while *mCherry*::*mai-1* 3'-UTR chimera was cloned in pDONRP2R-P3. Inserts were sequenced after cloned in the donor vectors, and the desired fragments in each donor vector were cloned in tandem into the pCFJ150 (Addgene \#19329)\[[@pone.0181984.ref026]\].

For the generation of *Pmex-5*::*tomm-20*::*tbb-2* 3'-UTR, we amplified a fragment of 225 bp of *tomm-20* gene, *mCherry* sequence was amplified from the vector pGH8 (Addgene \#19359). The PCR products were gel-purified and fused by PCR overlap extension. The fused PCR product was cloned into the pDONR221. Finally, the donor vector pCFJ183-*Pmex-5* (kindly donated by Frøkjaer-Jensen), pDONR221-*tomm-20*::*mcherry* and pCm1.36 (Addgene \#17249) were mixed and cloned in tandem through recombination into the destination vector pCFJ150 vector. Primer sequences are listed in [S1 Table](#pone.0181984.s003){ref-type="supplementary-material"}.

For *Pmai-1*::*gfp*::*mai-1*::*mai-1* 3*'-*UTR, *Pmai-1*::*mai-1*::*mCherry*::*mai-1 3'*UTR and *Pmex-5*::*tomm-20*::*mCherry*::*tbb-2* 3'-UTR transgenes were inserted by single copy insertion methodology \[[@pone.0181984.ref026],[@pone.0181984.ref027]\]. DNA mixtures were microinjected into the strain EG6699 and selection of the transgenic animals was done a previously reported with modified microinjection mixtures \[[@pone.0181984.ref025]\]. The microinjection mixtures used were: target vector pCFJ150 with *Pmai-1*::*gfp*::*mai-1*::*mai-1* 3'-UTR (30 ng/ μl), pMA122 (10 ng/μl) (Addgene \#34873), pCFJ601 (50 ng/μl) (Addgene \#34874), pCFJ104 (5 ng/μl), pGH8 (Addgene \#19359) and pCFJ90 (2 ng/μl) (Addgene \#19327); pCFJ150 with *Pmai-1*::*mai-1*::*mCherry*::*mai-1* 3'-UTR transgene (30 ng/μl), pMA122 (10 ng/μl), pCFJ601 (50 ng/μl), pCFJ421 (2.5 ng/μl) (Addgene \#34876), pCFJ420 (5 ng/μl) (Addgene \#34877), pCFJ66 (10 ng/μl) (Addgene \#24981); pCFJ150 with *Pmex-5*::*tomm-20*::*mcherry*::*tbb-2* 3'*-*UTR (10 ng/μl), pCFJ601 (10 ng/μl), pCFJ104 (10 ng/μl), pGH8 (10 ng/μl), pCFJ90 (2 ng/μl).

For *Pmai-1*::*gfp*::*mai-1*::*mai-1* 3*'-*UTR we obtained one transgenic line named *xmSi32*\[*Pmai-1*::*gfp*::*mai-1-3'-*UTR*; Cbr-unc-119* (+)\]II and for *Pmai-1*::*mai-1*::*mCherry*::*mai-1 3'*UTR we obtained two independent lines with the same expression pattern, and we chose to work with *xmSi31*\[*Pmai-1*::*mai-1*::*mCherry*::*mai-1-3'-*UTR; *Cbr-unc-119* (+)\]II.

Image acquisition and processing of translational reporters {#sec005}
-----------------------------------------------------------

The embryos expressing MAI-2::GFP were observed by fluorescence microscopy to detect GFP expression using a Nikon Eclipse E600 microscope equipped with an AxioCam MRc camera (Zeiss). The pictures were captured using AxioVision software (Zeiss) and deconvolved using ImageJ software \[[@pone.0181984.ref028]\] with Parallel Spectral Deconvolution and Diffraction PSF 3D plugins. Larvae and adult animals expressing MAI-2::GFP and TOMM-20::mCherry, GFP::MAI-1 and MAI-1::mCherry were observed by confocal imaging using an Olympus Fluoview Confocal microscope FV10i (Olympus) and images were processed with ImageJ software.

Generation of *mai-2* alleles {#sec006}
-----------------------------

CRISPR/Cas9 genome editing was used to generate *mai-2(xm18)* and *mai-2(xm19)* alleles \[[@pone.0181984.ref029],[@pone.0181984.ref030]\]. We targeted a site localized in the first exon of *mai-2* with a single guide (sgRNA) to be cut by Cas9 with the sequence `GGATCGATCCGCGACGCCGG`. The protospacer-associated motif (PAM) is at position 3,386,025 (Wormbase release WS224). To generate the *mai-2* sgRNA we replaced by PCR the *unc-119* in the pU6::*unc-119* sgRNA vector (Addgene \#46169) with the desired *mai-2* sequence using primers listed in [S1 Table](#pone.0181984.s003){ref-type="supplementary-material"}. The PCR product was digested with DpnI, purified pU6::*mai-2* sgRNA was confirmed by sequencing. Single-strand oligonucleotides (ssDNA) were used as repair templates \[[@pone.0181984.ref030]\]. *mai-2* ssDNA1 repair template consisted of a 5' upstream homology arm of 83 nt before the modification site which consisted in the insertion of a PvuII restriction enzyme site that introduced an opal stop codon, and a 78 nt 3' downstream homology arm. To generate a deletion of *mai-2* gene we used ssDNA2 that consisted of a 67 nt 5´upstream homology arm and a 71 nt downstream homology arm of *mai-2* 3'-UTR. We microinjected the following vectors: *Peft-3*::*cas-9-SV40-NLS*::*tbb-2* 3'-UTR (50 ng/μl) (Addgene \#46168), pU6::*mai-2* sgRNA (45 ng/μl), pCFJ104 (5 ng/μl) and repair templates ssDNA 1 or 2 (30 ng/μl) in 30--50 young adults of N2 strain. F~1~ with mCherry expression were picked individually to plates and allowed to lay eggs for one day, then F1 were transfered into lysis buffer and were screened by PCR followed in the case of allele *mai-2(xm18)* by restriction enzyme digestion to detect insertion. Primer sequences are listed in [S1 Table](#pone.0181984.s003){ref-type="supplementary-material"}.

RT-PCR {#sec007}
------

The RNA purification and cDNA synthesis was done as previously reported \[[@pone.0181984.ref025]\]. The total RNA was isolated from approximately 7,000 one-day-old adult animal hermaphrodites using TRIzol (Life Technologies) and purified via chloroform and isopropanol precipitation. 0.5--1 μg of RNA was reverse transcribed into cDNA using Im-Prom II reverse transcriptase (Promega) and oligo(dT) primers. Semi-quantitative reverse transcriptase-PCR was performed with primers designed specifically for *mai-2* (listed in [S1 Table](#pone.0181984.s003){ref-type="supplementary-material"}) and normalized with *act-4*. Densitometric analysis was done using Fiji (ImageJ) software.

Lifespan, fertility and embryonic lethality {#sec008}
-------------------------------------------

Lifespan was done as previously described \[[@pone.0181984.ref031]\]. An experimental pool of synchronized 50 animals from N2 and *mai-2(xm18)* strains were used, and lost or animals that died prematurely were replaced from a back-up pool. Lifespan measurements were done al 20°C.

The fertility assay and embryonic lethality were done as previously described \[[@pone.0181984.ref032]\]. N2 and *mai-2* mutants were grown at 20°C and were individually selected as L4 larvae and then transferred to new plate every 24 h over the course of 4 days. Embryos that did not hatch within 24 h after being laid were considered dead.

Mitochondria imaging {#sec009}
--------------------

MitoTracker Red CMX ROS (\#M7512; Molecular Probes) was diluted in DMSO (1 mM stock solution). Before staining, stocks were diluted in M9 buffer at 5 μM and one-day-old adult animals were incubated for 20 min at 20°C \[[@pone.0181984.ref033]\]. Animals were immobilized with tetramisol 10 mM and mounted on 2% agarose pads for microscopic examination. For TMRM (\#T-668; Molecular Probes) we modified procedure from previous method \[[@pone.0181984.ref034],[@pone.0181984.ref035]\]. We diluted TMRM in DMSO (0.1 M stock solution) and added to NGM-lite agar medium at a final concentration of 30 μM, we left the plates to dry overnight and seeded *E*. *coli* OP50 for 24 h in the dark. For embryo imaging we transferred approximately 30 one-day-old adults of each strain to the TMRM plates, incubated at 20°C for 15 h, and dissected animals for embryo extraction. For complete animal staining we incubated L4 animals in TMRM plates for 15 h. Stained embryos and animals were mounted on 2% agar pads for microscopy. Images were acquired under the same exposure and to calculate the level of fluorescence its integrated density was measured in ImageJ software by selecting the whole area of P~1~ cell (embryos) and the whole animal. The corrected total fluorescence was calculated as CTCF = (integrated density-(selected area x mean fluorescence of background readings). For visualizing the mitochondria network in the body wall muscle cells we used synchronized L4 larvae from the transgenic strain SD1347 crossed with *mai-2(xm18)*. Animals were anesthetized with tetramisol diluted in M9 (10 mM), and mounted on an agarose pad (2%). A cover slide was put on top of the agarose pads and to rotate worms for muscle cells visualization, the cover slide was push carefully. We quantified all mitochondria per muscle cell as tubular (wild-type), fragmented, elongated/highly connected or aggregated mitochondria. Mitochondria visualization we performed using a Nikon Eclipse E600 microscope equipped with an AxioCam MRc camera (Zeiss).

Oxygen consumption {#sec010}
------------------

Oxygen consumption rates were measured as previously described \[[@pone.0181984.ref036]\], with modifications using a Strathkelvin Instruments 782 Oxygen Meter (North Lanarkshire, Scotland, UK) interfaced to a computer. Approximately, 10,000 animals/ml in L4 to young adults were collected, washed 3 times in M9 and incubated for 30 min in constant agitation to empty the digestive system. 15 μl of slurry pellet of worms were delivered into a water-jacketed chamber Mitocell (MT200) at 20°C with 100 μl of M9 on it. Oxygen consumption was recorded until linear and stopped with NaCN to abolish oxygen consumption. Worms were recovered after respiration measurements and collected for protein quantification by Lowry assay \[[@pone.0181984.ref037],[@pone.0181984.ref038]\]. Rates were normalized to protein content.

ATP quantification {#sec011}
------------------

ATP quantification was done as previously described with slight modifications \[[@pone.0181984.ref035]\]. 50 one-day-old adult hermaphrodites were collected in 50 μl of M9 buffer and frozen in liquid N~2~. Frozen worms were immersed in boiling water for 15 min, cooled and centrifuged at 2000 rpm for 5 min to pellet insoluble debris. The supernatant was moved to a fresh tube and diluted 5-fold before measurement. ATP content was determined using the Roche ATP bioluminescent assay kit HS II (Roche Applied Science) and a POLARstar Omega luminometer (BMG LABTECH). ATP levels were normalized to total protein content.

Mitochondria isolation, blue native electrophoresis and SDS-PAGE {#sec012}
----------------------------------------------------------------

About 50,000--100,000 synchronized animals in L4 to young adult stages were crushed approximately 10 times with liquid N~2~ on a mortar with pestle and resuspended (100 μl) in a buffer that contained 220 mM of manitol, 70 mM of sucrose, 5 mM of MOPS, 2 mM of EGTA and 0.4% BSA, pH 7.4. The homogenized animals were centrifuged at 2,700 rpm for 5 min, supernatant was collected in a separate tube, the pellet was resuspended in previously described buffer and centrifuged again. This procedure was repeated two more times. Collected supernatant was centrifuged at 10,500 rpm for 5 min to obtain the mitochondrial pellet. Mitochondria were resuspended in 250 mM of sucrose and 1 mM of MgCl~2~. We extracted F~1~F~o~-ATP synthase with digitonin 0.66mg/mg of protein, incubate on ice for 10 min and centrifuge for 5 min at 75,000 rpm (Airfuge Ultracentrifuge, Beckman Coulter). The supernatant was used for protein determination and 100 μg of protein was loaded into a first dimension (1D) blue native PAGE \[[@pone.0181984.ref039]\] followed by a second dimension (2D) SDS-PAGE \[[@pone.0181984.ref040]\]. For BN-PAGE the digitonin extracted protein was combined with 10 μl buffer 3X (1.5M 6-aminocaproic acid, 150 mM Bis-Tris) plus serva blue G (7 μg/μl stock serva blue G in 0.5M 6-aminocaproic acid) (final concentration, 30 ng of serva Blue G/1 μg of protein), the samples were charged into a BN-PAGE 3.5--11%, and the electrophoresis was performed at 70V for 30 min and 100V for 2h at 4°C. 1D gel was stained with Coomassie solution (0.1% Coomassie Blue R5-250, 45% of methanol and 10% of glacial acetic acid) and stirred at room temperature for 2 h and discolored with a solution containing 30% methanol, 10% glacial acetic acid. Densitometric analysis of dimeric and monomeric bands of each genotype was performed using Fiji (Image J) software. ATPase activity was identified by incubating the first dimension gel in a pre-incubation solution containing 35 mM Tris, 250 mM glycine, pH 8.3. Then, the gel was stirred and incubated for 2 h at 37°C with 5 mM ATP, 5 mM MgCl~2~, 0.15% (w/v) lead acetate, and 150 mM glycine, pH 8.3. After that, the gel was stirred and incubated at room temperature for 24 h. Monomer and dimer bands with dark background were scanned at 2 h.

For 2D SDS-PAGE, the Coomassie gel was denatured with a solution containing 1% SDS, 5 mM DTT for 1 h. The band that corresponds to the dimer and monomer were cut out of the Coomasie gel. The band was rotated 90° on a 15% SDS-PAGE Von Jagow and the electrophoresis was performed at 70V for 30 min and 100V for 2h at 4°C with slight modifications to the described in \[[@pone.0181984.ref041]\]. The gel was scanned and analyzed.

Survival assays {#sec013}
---------------

Heat shock experiments were performed as previously described \[[@pone.0181984.ref025]\], with some modifications. Synchronized animals (30--40 animals per plate) were grown at 20°C until animals reached a 4-day-old adult stage, and transferred to several (35 mm) NGM plates seeded with *E*. *coli* OP50 for heat shock. The plates were incubated for up to 12 h at 35°C, and every 2 h the plates were taken from the incubator to observe animals under the stereoscopic microscope. Animals that did not respond to touch were scored as dead.

We tested different concentrations for sodium cyanide (NaCN, 50--100 mM) and carbonyl cyanide m-chlorophenyl hydrazone (CCCP, 50--125 μM). We chose CCCP concentrations that did not affect considerably wild-type nematodes survival but did affect *mai-2* mutant animals. Incubations and recovery were done as previously described \[[@pone.0181984.ref042]\], with some modifications. One-day-old adult animals (approximately 30) were placed in 200 μl of M9 (control) and M9-containing freshly diluted NaCN or CCCP at indicated concentrations for 1 h at 20°C on a crystal Petri dish. Cyanide when diluted in a buffered solution at pH 7 is known to outgas to hydrogen cyanide (HCN) \[[@pone.0181984.ref043]\], it has also shown that HCN contributes to the survival of the animal \[[@pone.0181984.ref044]\]. After the incubation period, 2 ml of M9 were added to dilute the solutions; animals were then recovered by pipetting and placed on *E*. *coli* seeded NGM plates. After the plates were drained from excess liquid for approximately 5 min, the animals were allowed to recover for another 55 min more at 20°C. Finally, the animals were observed under the stereoscopic microscope. Animals that did not respond to touch were scored as dead.

Oxidative stress experiments were performed as previously described \[[@pone.0181984.ref045]\], with some modifications. Previously, it has been recommended to use a paraquat concentration between 100 mM and 400 mM due to variation in batch potency \[[@pone.0181984.ref046]\]. We used paraquat at a concentration of 200 mM \[[@pone.0181984.ref045]\] diluted in M9 with *E*. *coli* OP50. We incubated animals in agitation a 20°C, at indicated time animals were recovered by pipetting and placed on *E*. *coli*-seeded NGM plates. The plates were drained for excess liquid for approximately 5 min and animals were observed under the stereoscopic microscope. Animals that did not respond to touch or showed movement when exposed to a drop of M9 were scored as dead.

Apoptosis assays {#sec014}
----------------

We crossed *mai-2(xm18*) and *mai-2(xm19)* with MD701 *bcIs39*\[*Plim-7*::*ced-1*::*gfp*; *lin-15*(*+*)\] strain. We selected L4 animals of each strain and approximately 24 h later we mounted on slides using 2% agarose pads; the cell corpses were then visualized by fluorescence microscopy using a Nikon Eclipse E600 microscope equipped with an AxioCam MRc camera (Zeiss). For stress conditions, such as starvation, oxidative stress, heat shock and UV irradiation (DNA damage) we performed experiments as previously described \[[@pone.0181984.ref032],[@pone.0181984.ref042]\]. To quantify apoptosis in the soma, synchronized L1 animals of N2, *mai-2(xm18)* and *mai-2(xm19)* strains grown at 20°C were fed *ced-1* dsRNA until they had offspring as previously described \[[@pone.0181984.ref042]\]. Late stage embryos and L1 larvae were mounted on agarose pads and cell corpses were quantify under Nomarski microscopy.

Statistical analysis {#sec015}
--------------------

Brood size, embryonic lethality, TMRM fluorescence (embryos and whole animal), oxygen consumption rates, ATP quantification and germ cell apoptosis (physiological conditions and stress) were tested for equality of group variance. One-way ANOVA followed by Tukey method were performed for those datasets that had the same variance, while for unequal variances, non-parametric comparisons were performed using Dunn\'s method, with wild-type as a control. *t*-test was used to analyze dimer/monomer F~1~F~o~ATPase ratio. For survival assays two-way ANOVA analysis with Bonferroni test was used to compare each condition to the control. Data was analyzed using GraphPad Prism Statistical Software.

Results {#sec016}
=======

MAI-2 is expressed in the mitochondria of *C*. *elegans* {#sec017}
--------------------------------------------------------

Ichikawa *et al*. previously showed MAI-1 and MAI-2 sub-cellular localization using yeast and demonstrated that MAI-2 is associated with yeast mitochondria, while MAI-1 is not \[[@pone.0181984.ref019]\]. Because these proteins were not expressed in their natural environment, we determined MAI-1 and MAI-2 expression in *C*. *elegans* and tested whether, in the nematode, MAI-1 could indeed associate with mitochondria. To test this hypothesis, we generated transgenic animals that express Green Fluorescent Protein (GFP) in the C-terminus of the MAI-2 protein ([Fig 1C](#pone.0181984.g001){ref-type="fig"}, line 5) (see [Materials and methods](#sec002){ref-type="sec"}).

A mix of MAI-2::GFP embryos, synchronized hermaphrodite larvae (L1-L4), one-day-old hermaphrodite and male adults, and dauer larvae were mounted and observed under the fluorescence microscope. We observed the expression of the transgene in the cytoplasm at all the embryonic ([Fig 2A--2L](#pone.0181984.g002){ref-type="fig"}) and post-embryonic stages ([Fig 2M--2S](#pone.0181984.g002){ref-type="fig"}) in what seems to be a mitochondrial pattern. The expression of MAI-2::GFP was observed in the germline and all somatic tissues, including neurons, pharynx, the intestine, body wall muscle and the hypodermis, during *C*. *elegans* development.

![MAI-2::GFP is expressed in the soma and germline.\
Embryos, larvae and adults expressing the transgene *Pmai-2*::*mai-2*::*gfp*::*mai-2-*3'UTR were observed under a fluorescence microscope. Embryos (A-L), 2-cell (A), 4-cell (B), \~26-cell (C), \~44-cell (D), bean stage (G), comma stage (H), 1.5-fold (I), 2-fold (K), 3-fold (L). Indicate larval stages (M-P). Male adult (Q). Hermaphrodite adult (R). Dauer larva (S). h: head, t: tail.](pone.0181984.g002){#pone.0181984.g002}

To corroborate MAI-2::GFP mitochondrial localization in *C*. *elegans*, we crossed the MAI-2::GFP transgenic with mitochondrial protein reporter transgenic animals *xmSi01*\[*Pmex-5*::*tomm-20*::*mCherry*::*tbb-2* 3'-UTR; *Cbr-unc-119* (+)\]II and looked for co-localization under normal conditions ([Fig 3](#pone.0181984.g003){ref-type="fig"}). The *mex-5* promoter region drives TOMM-20::mCherry expression in the germ cells and embryo \[[@pone.0181984.ref047]\]. We found that MAI-2::GFP co-localized with mitochondria in the gonad ([Fig 3A--3C](#pone.0181984.g003){ref-type="fig"}) and embryos ([Fig 3D--3F](#pone.0181984.g003){ref-type="fig"}). To further corroborate MAI-2::GFP expression in mitochondria, we also stained the transgenic MAI-2::GFP animals with the mitochondrial probe MitoTracker Red CMXRos ([Fig 3G--3O](#pone.0181984.g003){ref-type="fig"}). For this purpose, one-day-old adult worms were incubated in M9 with MitoTracker Red CMXRos and were observed under a fluorescence microscope. Mitotracker Red CMXRos has been used to stain mitochondria however works better in mitochondria of the body muscle cells \[[@pone.0181984.ref034]\] and the hypodermis \[[@pone.0181984.ref033]\]. We found a clear co-localization of MAI-2::GFP with the mitochondrial probe in the hypodermis ([Fig 3J--3L](#pone.0181984.g003){ref-type="fig"}) and muscle ([Fig 3M--3O](#pone.0181984.g003){ref-type="fig"}). These results demonstrate that MAI-2::GFP is a mitochondrial protein.

![MAI-2::GFP is localized in the mitochondria.\
We crossed MAI-2::GFP animals with mitochondria expressing transgenic TOMM-20::mCherry animals (A-F). We mounted and observed one-day-old adult animals under a confocal microscopy and observed co-localization in germ cells (A-C) and embryos (D-F). Stained MAI-2::GFP animals with MitoTracker Red CMXRos were mounted and observed under a fluorescence microscope (G-O). We observed the co-localization of signals in tissues such as the hypodermis (J-L) and muscle (M-O), shown in the inset. d: distal, p: proximal.](pone.0181984.g003){#pone.0181984.g003}

To study MAI-1 expression in *C*. *elegans*, we generated by MosSCI, N-terminal GFP and C-terminal mCherry protein reporter transgenes ([Fig 1C](#pone.0181984.g001){ref-type="fig"}, line 6 and 7) (see [Materials and methods](#sec002){ref-type="sec"}). GFP::MAI-1 (*xmSi32*) and MAI-1::mCherry (*xmSi31*) showed the same tissue localization ([Fig 4](#pone.0181984.g004){ref-type="fig"}; [S1 Fig](#pone.0181984.s001){ref-type="supplementary-material"}). GFP::MAI-1 is expressed in specific somatic tissues in the nuclei and in the cytoplasm through specific tissues, including the cuticle ([Fig 4A and 4B](#pone.0181984.g004){ref-type="fig"}), hypodermis ([Fig 4C and 4D](#pone.0181984.g004){ref-type="fig"}), rectum, vulva and neurons ([Fig 4E and 4F](#pone.0181984.g004){ref-type="fig"}). Although the expression pattern did not suggest a mitochondria network and MAI-1 does not carry a mitochondrial transport sequence, we tested whether MAI-1 was expressed in the mitochondria by incubating GFP::MAI-1 with Mitotracker Red CMXRos and found no co-localization between the mitochondrial probe and GFP::MAI-1 ([Fig 4G--4L](#pone.0181984.g004){ref-type="fig"}). These results demonstrate that MAI-1 is indeed not expressed in mitochondria but in the cytoplasm, as previously suggested Ichikawa *et al*. Additionally, we observed that GFP::MAI-1 is expressed in the nuclei. Because MAI-1 does not seem to be a canonical IF~1~, we studied only MAI-2.

![GFP::MAI-1 is diffusely expressed in the cytoplasm and some nuclei.\
We mounted one-day-old adult animals expressing the transgene *Pmai-1*::*gfp*::*mai-1-*3´UTR and observed them under a confocal microscope. We observed the expression of GFP::MAI-1 in the cuticle (A-B), cytoplasm and nuclei (arrow) of the hypodermis (C-D), in the rectum, vulva, and coelomocytes (E) and in some neurons of the animal´s head (E,F). Details of each picture are shown in the right (inset). We stained GFP::MAI-1 animals with MitoTracker CMXRos and observed no co-localization between them (G-I). Details of each picture are shown on the bottom (J-L). h: head, t: tail, c: cuticle, hyp: hypodermis, rect: rectum, coelomocytes: cc.](pone.0181984.g004){#pone.0181984.g004}

*mai-2* mutant animals show no defects under physiological conditions {#sec018}
---------------------------------------------------------------------

To study the function of *mai-2*, we generated mutants by CRISPR/Cas9 genome editing ([Fig 1A](#pone.0181984.g001){ref-type="fig"}, line 1 and 2) \[[@pone.0181984.ref029],[@pone.0181984.ref030]\], see [Materials and methods](#sec002){ref-type="sec"}). Allele *mai-2(xm18)* contains an insertion of a PvuII restriction enzyme site, resulting in a premature stop codon that produces a truncated MAI-2 protein of 41 amino acids ([Fig 1A and 1B](#pone.0181984.g001){ref-type="fig"}, line 1 and 3; [Fig 5A](#pone.0181984.g005){ref-type="fig"}). The allele *mai-2(xm19)* carries a 794-bp deletion consisting of the following: 151 bp (from 261 bp) of the first exon, the entire intron (525 bp), exon 2 (69 bp) and 49 bp from the *mai-2* 3'-UTR, resulting in a putative truncated MAI-2 protein of 37 amino acids ([Fig 1A and 1B](#pone.0181984.g001){ref-type="fig"}, line 2 and 4; [Fig 5A](#pone.0181984.g005){ref-type="fig"}). We tested the abundance of the *mai-2* mRNA by semi-quantitative RT-PCR in *mai-2(xm18)* and *mai-2(xm19)* mutant backgrounds. We found that the mRNA in both mutants was down-regulated by 90% ([Fig 5B](#pone.0181984.g005){ref-type="fig"}). These results confirmed that the mRNA encoding the predicted truncated proteins in both *mai-2* mutants are present in low abundance because it might be degraded by the nonsense-mediated decay machinery \[[@pone.0181984.ref048]\]. *mai-2* mutant animals showed no evident phenotype under normal conditions, had normal fertility (tested in *xm18* and *xm19* strains) ([Fig 6A](#pone.0181984.g006){ref-type="fig"}), no embryonic lethality (tested in *xm18* and *xm19* strains) ([Fig 6B](#pone.0181984.g006){ref-type="fig"}), and normal lifespan (tested only in *xm18*) ([Fig 6C](#pone.0181984.g006){ref-type="fig"}).

![*mai-2* mRNA is barely detectable in *mai-2* mutants.\
(A) The amino acid sequences of wild-type and putative MAI-2 mutant proteins (alleles *xm18* and *xm19*) of *C*. *elegans* are compared with the amino acid sequence of *Bos taurus*. The residues that form the minimal inhibitory sequence are shaded in gray \[[@pone.0181984.ref019]\]. (B) Semi-quantitative RT-PCR analysis using cDNA synthesized from RNA extracts obtained from one-day-old control animals (N2) and *mai-2* mutant animals (alleles *xm18* and *xm19*). Specific primers for *mai-2* and *act-4* were used; *act-4* was used as a loading control. Densitometry analysis was performed, normalizing each band with its corresponding *act-4* band using ImageJ software.](pone.0181984.g005){#pone.0181984.g005}

![*mai-2* mutants show no defects in fertility or lifespan.\
To quantify the offspring and embryonic development, L4 wild-type (control), *mai-2(xm18)* and *mai-2(xm19)* animals were transferred to new plates every 24 h over the course of 4 days at 20°C. The plates were scored for offspring (A) and dead embryos (B). Total progeny included all the offspring that developed (as larvae) or died as embryos. Embryos not hatching after 24 h after being laid were considered dead. For N2, the average of three independent experiments is shown, for *mai-2(xm18)* and *(xm19)* the average of two independent experiments is shown (means±SEM). Statistical significance was determined by one-way ANOVA followed by Tukey post-test and was not significant (ns). The number of analyzed animals (N) is indicated in each graph. (C) For the lifespan assay, wild-type and *mai-2(xm18)* animals were scored every other day until all of them were found death (aprox. 30 days) at 20°C. The data represent the mean of two independent replicates in which 50 worms per group were assayed. The interaction effect of wild-type and *mai-2(xm18)* was calculated by two-way ANOVA and were not significant (not shown).](pone.0181984.g006){#pone.0181984.g006}

*mai-2* mutants animals show no defect in the mitochondria network and ATP synthase dimerization but show higher Δ*ψ*~m~ {#sec019}
------------------------------------------------------------------------------------------------------------------------

We studied the effect of *mai-2* mutation in the Δ*ψ*~m~ of the mitochondria of *C*. *elegans* by incubating animals in NGM-lite plates with the TMRM fluorescent probe. These compounds accumulate inside the mitochondria of the embryo proportionally to the mitochondrial Δ*ψ*~m~ \[[@pone.0181984.ref049]\]. We measured the intensity of TMRM fluorescence on the P~1~ cell of 2-cell embryos and in the complete animal under normal conditions ([Fig 7A and 7B](#pone.0181984.g007){ref-type="fig"}). We found that *mai-2(xm18)* and *mai-2(xm19)* animals generated higher Δ*ψ*~m~ than wild-type animals.

![Δ*ψ*~m~ is elevated in *mai-2* mutants.\
(A-B) To test the Δ*ψ*~m~ of one-day-old N2, *mai-2(xm18)* and *mai-2(xm19)* synchronized adults were grown in NGM with TMRM for approximately 15 h, after incubation animals were dissected for embryo extraction. 2-cell embryos and the whole animal were observed under a fluorescence microscope. The fluorescence of TMRM (arbitrary units) was quantified for each of the genotypes and conditions. The values were normalized relative to the fluorescence of wild-type animals, grown at 20°C in normal conditions. For N2 embryos, the average of four independent experiments is shown, four for *mai-2(xm18)* and two for *mai-2(xm19)*. For whole animals, the average of six independent experiments for each indicated background is shown. The bars show mean±SEM and inside each bar the number of animals tested is indicated. The \*\*\* (*P*\<0.0001) symbols placed on top of the bars are comparisons between wild-type and *mai-2* mutants, statistical significance was determined by Dunn´s method. (C) To quantify oxygen consumption, a pool of L4 to early adults was introduced in a water-jacketed chamber and oxygen consumption rate was recorded until linear. Oxygen consumption was normalized with protein concentration. Average of four independent experiments for N2, four for *mai-2(xm18)* and two for *mai-2(xm19)* is shown. (D) For ATP quantification, ATP was extracted from 50 one-day-old adult animals and was quantified with a bioluminescent assay. ATP content was normalized by protein concentration. The average of four independent experiments of each indicated background is shown. (C-D) The bars indicate mean±SEM. The ns (non-significant) symbols placed on top of the bars are comparisons between wild-type and *mai-2* mutants, statistical significance was determined by one-way ANOVA followed by Tukey post-test. (E) L4 animals of the strain SD1347 *ccIs4251*\[*myo-3p*::GFP(NLS)::LacZ (pSAK2)+*myo-3p*::GFP (mitochondrially targeted) (pSAK4)+dpy-20(+)\] and SD1347 crossed with *mai-2(xm18)* were mounted on agarose pads and observed under a fluorescence microscope. The mitochondria network morphology was assessed in the body wall muscle and the percentage of cells with tubular mitochondria was determined from two independent experiments. A representative picture of each condition is shown. The percentage of tubular mitochondria and SEM are shown. (F) Purified F~1~F~o~-ATP synthase from *C*. *elegans* control and *mai-2(xm18)* animals were subjected to 1D BN-PAGE and 2D SDS-PAGE. The arrows in 1D gel indicate the dimeric (D) and monomeric (M) bands. The 2D gel shows the F~1~F~o~-ATP synthase subunits (α, β, γ) which constitutes, among other subunits, the dimer and the monomer of N2 and *mai-2(xm18)* animals. The data of one of three independent experiments are shown.](pone.0181984.g007){#pone.0181984.g007}

Due to the high Δ*ψ*~m~ observed in our experiments, we evaluated the animal respiration of the wild-type and *mai-2* mutants. Synchronized L4 to early adult animals grown in NGM-lite and *E*. *coli* OP50 bacteria were collected, washed and introduced into a water-jacketed chamber, and the oxygen consumption rate was recorded until the trend was linear (resting state) \[[@pone.0181984.ref050]\]. Despite the high Δ*ψ*~m~ previously observed, we found that *mai-2(xm18)* and *mai-2(xm19)* showed no differences in oxygen consumption compared with wild-type animals ([Fig 7C](#pone.0181984.g007){ref-type="fig"}). To evaluate whether the increase in Δ*ψ*~m~ was a consequence of an increase in hydrolysis, we analyzed the total \[ATP\] of whole animals and observed a decrease of \~15% in *mai-2(xm18*) ([Fig 7D](#pone.0181984.g007){ref-type="fig"}); however, this difference was non-significant. These results indicate that, in the absence of MAI-2 protein, the electron transport chain may not be disturbed and Δ*ψ*~m~ could be affected by another mechanism.

To determine whether, in *C*. *elegans*, the absence of *mai-2* may promote changes in mitochondrial morphology, we crossed *mai-2(xm18)* animals with SD1347 *ccIs4251* I. This transgene expresses GFP in the mitochondria networks of the body wall muscle, which carry a nuclear- and mitochondria-targeted GFP under the control of the *myo-3* promoter \[[@pone.0181984.ref051]\]. We observed that L4 control animals displayed mostly tubular mitochondria (99.1%). *ccIs4251* I*;mai-2(xm18)* revealed no evident defects in the mitochondria network and showed mostly tubular mitochondria (99.8%) ([Fig 7E](#pone.0181984.g007){ref-type="fig"}). For N2 animals, 555 cells of 22 animals were visualized while 612 cells of 27 animals were visualized for *mai-2(xm18)*. Furthermore, we studied in *mai-2(xm18)* ATP synthase dimerization using blue native gels. We observed that, in *mai-2(xm18)*, ATP synthase dimers, with respect to the monomer content of ATP synthase dimers, were unmodified when compared with control animals \[N2 = 0.95±0.12, *mai-2(xm18)* = 0.99±0.07. Data represents means±SEM and comparisons were non-significant after *t*-test analysis\] ([Fig 7F](#pone.0181984.g007){ref-type="fig"}). To demonstrate that the dimer and monomer bands corresponds to F~1~F~o~-ATP synthase, we analyzed by a 2D SDS-PAGE F~1~F~o~-ATP synthase subunits content \[[@pone.0181984.ref040]\] and we clearly distinguished the (α, β and γ) subunits. We further corroborated that we were observing the dimer and monomer forms of the F~1~F~o~-ATP synthase by a blue native gel to detect ATPase activity ([S2 Fig](#pone.0181984.s002){ref-type="supplementary-material"}).

MAI-2 is required for stress survival {#sec020}
-------------------------------------

To examine the role of MAI-2 in the whole animal survival under stress conditions that affect the mitochondria, we exposed control and *mai-2* mutant one-day-old hermaphrodite adults to different concentrations of the respiratory chain inhibitor sodium cyanide (NaCN) and the uncoupler carbonyl cyanide *m*-chlorophenyl hydrazone (CCCP) for 1 h and then quantified the animals\' survival. We found that *mai-2(xm18)* and *mai-2(xm19*) were not sensitive to NaCN or CCCP compared with control animals at concentrations less than 75 mM or 75 μM, respectively; however, at higher concentrations, *mai-2* mutants were more sensitive and died at a higher percentage than wild-type animals ([Fig 8A and 8B](#pone.0181984.g008){ref-type="fig"}).

![MAI-2 is required for stress survival.\
We exposed synchronized one-day-old adults N2, *mai-2(xm18)* and *mai-2(xm19)* to different concentrations of CCCP (A) and NaCN (B) for 1 h and recover them on NGM plates seeded with bacteria for 1 h. For CCCP experiments the average of four independent experiments is shown, while for NaCN experiments we show the average of three independent experiments. (C) We heat shocked synchronized 4-day-old adults of the indicated background at 35°C for 12 h; every 2 h animals were observed under the dissecting scope for animal survival. For N2 and *mai-2(xm18)* we show the average of four independent experiments, while for *mai-2(xm19)* we show the average of two independent experiments. (D) We incubated one-day-old adults of the indicated background in 200 mM paraquat and scored for survival every 4 h through an interval of 12 h. We show the average of three independent experiments. (A-D) Animal survival was quantified by the lack of movement when touched. The data represent means±SEM and inside each bar the number of animals tested is indicated. Two-way ANOVA followed by Bonferroni post-test was used to compare each condition with the control, ns represents non-significant. \*\*\**P*\<0.001, \*\**P*\<0.01, \**P*\<0.05.](pone.0181984.g008){#pone.0181984.g008}

High temperatures increased ATP depletion \[[@pone.0181984.ref031]\]; therefore, we heat shocked 4-day-old control and *mai-2* hermaphrodite animals for 12 h at 35°C. We analyzed the mortality every 2 h. During the first 8 h of incubation, we observed no significant difference between control and *mai-2* mutant animals ([Fig 8C](#pone.0181984.g008){ref-type="fig"}). However, at 12 h of heat shock, we observed that 60% of *mai-2* mutants were dead compared with control animals ([Fig 8C](#pone.0181984.g008){ref-type="fig"}).

To determine whether MAI-2 participates in oxidative stress resistance, we incubated *mai-2* mutants and control adult animals in the presence of 200 mM paraquat, a poison that promotes ROS production for 12 h. We observed that *mai-2* mutants died 30% more than control animals at 12 h of incubation with paraquat ([Fig 8D](#pone.0181984.g008){ref-type="fig"}), demonstrating that they are more vulnerable to oxidative stress. These data support that *mai-2* mutants are less resistant to stress.

MAI-2 is required for stress-induced germ cell apoptosis {#sec021}
--------------------------------------------------------

To explore the effect of *mai-2* mutation over apoptosis on *C*. *elegans*, we examined somatic (embryogenesis), physiological and stress-induced germ cell apoptosis (gonads) in wild-type and *mai-2* mutants. For apoptosis quantification, we crossed the strain MD701, which is commonly used to quantify apoptotic corpses using fluorescence microscopy \[[@pone.0181984.ref052]\], with *mai-2(xm18)* and *mai-2(xm19)* animals. *ced-1*::*gfp* control animals, and *ced-1*::*gfp;mai-2(xm18)* and *ced-1*::*gfp*;*mai-2(xm19)* mutant animals were grown at 24°C and were observed under a fluorescence microscope to quantify cell corpses at 24 h post L4. We found that *ced-1*::*gfp*;*mai-2(xm18)* and *ced-1*::*gfp*;*mai-2(xm19)* showed a significant decrease in physiological germ cell apoptosis ([Fig 9A](#pone.0181984.g009){ref-type="fig"}). By contrast, we found no differences in somatic apoptosis between wild-type and *mai-2* mutant animals when we quantified cell corpses during the late stages of embryogenesis and early larval stages \[Bean embryo stage: *ced-1(RNAi)* = 1.8±0.1 cell corpses; *mai-2(xm18); ced-1(RNAi)* = 1.6±0.1 cell corpses; *mai-2(xm19); ced-1(RNAi)* = 1.6±0.1 cell corpses. Pretzel embryo stage: *ced-1(RNAi)* = 2.7±0.1 cell corpses; *mai-2(xm18); ced-1(RNAi)* = 2.5±0.1 cell corpses; *mai-2(xm19); ced-1(RNAi)* = 2.6±0.1 cell corpses. L1 larval stage: *ced-1(RNAi)* = 1.4±0.1 cell corpses; *mai-2(xm18); ced-1(RNAi)* = 1.4±0.1 cell corpses; *mai-2(xm19); ced-1(RNAi)* = 1.4±0.1 cell corpses\].

![MAI-2 is important to induce apoptosis under physiological and stress conditions.\
Germ cell apoptosis was assessed in *mai-2* mutants using the strain MD701 *bcIs39*\[*Plim-7*::*ced-1*::*gfp; lin-15*(+)\] in which apoptotic cell corpses can be easily visualized under a fluorescence microscope. Germ cell corpses per gonad arm were counted in one-day-old adults of the indicated backgrounds under physiological (A) and stress conditions (B-C). Animals were exposed to starvation, heat shock, UV-C irradiation (B) and paraquat (C), as indicated in the materials and methods section. We show the average of three independent experiments for physiological apoptosis (A). For apoptosis induced by starvation, heat shock and UV-C irradiation we show the average of two independent experiments (B), while for apoptosis induced by oxidative stress we show the average of three independent experiments for *ced-1*::*gfp* and *ced-1*::*gfp;mai-2(xm18)* mutant, while the average of two independent experiments are shown for *ced-1*::*gfp;mai-2(xm19)* (C). (A-C) The data represent means±SEM and the number of animals analyzed in each condition is shown in each bar. Dunn´s test was used to compare each condition with the control and ns represents non-significant. \*\*\**P*\<0.0001, \*\**P*\<0.001, \**P*\<0.01.](pone.0181984.g009){#pone.0181984.g009}

We tested the role of MAI-2 in germ cell apoptosis induced by stress, including starvation, heat shock, UV-C stress and oxidative stress \[[@pone.0181984.ref042]\]. *ced-1*::*gfp* control animals showed an increase in germ cell apoptosis after starvation (1.8-fold), heat shock (1.6-fold) and UV-C irradiation (1.8-fold) ([Fig 9B](#pone.0181984.g009){ref-type="fig"}) of the animals. *mai-2(xm18);ced-1*::*gfp* also showed a significant increase in apoptotic corpses under starvation (2.4-fold), heat shock (1.8-fold) and UV-C stress (1.3-fold) ([Fig 9B](#pone.0181984.g009){ref-type="fig"}). Although we observed a significant induction of apoptosis under these stressors, we did not observe the same induction levels, only a partial response, for heat shock and UV-C stress.

To induce oxidative stress, we incubated *ced-1*::*gfp* and *ced-1*::*gfp;mai-2(xm18)* for 1 h in paraquat and allowed them to recover in NGM plates seeded with bacteria for 1 h. After the recovery period, we mounted animals and counted apoptotic corpses under a fluorescence microscope. We found that control *ced-1*::*gfp* animals showed a slight but significant increase in apoptotic corpses, but *mai-2(xm18)* and *mai-2(xm19)* did not show a significant increase or show a partial response in germ cell apoptosis ([Fig 9C](#pone.0181984.g009){ref-type="fig"}). Our data showed that MAI-2 is necessary to induce apoptosis in the gonad under physiological conditions and under oxidative stress, heat shock, and UV-C. However, MAI-2 does not play a role during the somatic apoptosis, which occurs during late embryogenesis and the early larval stages.

Discussion {#sec022}
==========

MAI-1 and MAI-2 is expressed differentially {#sec023}
-------------------------------------------

In this study, we showed the expression of MAI-1 and MAI-2 in their natural environment and during development. We found that MAI-2::GFP is expressed in the mitochondria of all *C*. *elegans* tissues ([Fig 2](#pone.0181984.g002){ref-type="fig"}) through all embryonic and larval stages of development. Although MAI-1 does not have a predictable mitochondrial import signal sequence and Ichikawa *et al*. previously observed that, in yeast, this protein does not associate with mitochondria \[[@pone.0181984.ref019]\], we could not rule out that certain protein-protein interactions could direct MAI-1 to the mitochondria in the nematode. We found that GFP::MAI-1 fusion protein is indeed not associated with mitochondria and, instead, is expressed in the cytoplasm of specific tissues such as the cuticle, hypodermis, neurons of the head, rectum, coelomocytes and vulva ([Fig 4A--4F](#pone.0181984.g004){ref-type="fig"}). Unexpectedly, MAI-1 was also found in the nuclei of certain cells, although it lacks an obvious NES sequence ([Fig 4D](#pone.0181984.g004){ref-type="fig"} and [S1 Fig](#pone.0181984.s001){ref-type="supplementary-material"}), which was not observed when MAI-1 was expressed in yeast \[[@pone.0181984.ref019]\]. However, we cannot rule out that the endogenous MAI-1 protein might have a different localization because MAI-1 specific antibodies are yet not available. Because of its specific tissue localization and nuclear and cytoplasmic expression, MAI-1 remains an interesting target for future research.

Under normal conditions, *mai-2* mutants display an increased Δ*ψ*~m~ and less germ cell apoptosis {#sec024}
--------------------------------------------------------------------------------------------------

We found no evident alterations in the phenotype of *C*. *elegans* mutants under normal conditions when we tested the lifespan, fertility and embryonic lethality ([Fig 6A--6C](#pone.0181984.g006){ref-type="fig"}). Our work supports observations made by Nakamura *et al*. in which no evident phenotype was observed in IF~1~ mutant mice grown under normal conditions \[[@pone.0181984.ref017]\]. Furthermore, we observed no defects in the mitochondrial network when we used muscle expressing transgenes in a *mai-2* mutant background ([Fig 7E](#pone.0181984.g007){ref-type="fig"}) or any changes in the ATP synthase dimer/monomer ratio ([Fig 7F](#pone.0181984.g007){ref-type="fig"}). Although we observed that, in *C*. *elegans*, MAI-2 is not necessary for F~1~F~o~ dimer assembly, it was observed recently that IF~I~-KO mice indeed have abnormal cristae formation and scarcer mitochondria \[[@pone.0181984.ref016]\].

Δ*ψ*~m~ is important for mitochondria function, and when lost, it affects mitochondria in a lethal way due to the halt of ATP production by F~1~F~o~-ATP synthase, mitochondria dynamics \[[@pone.0181984.ref053]\] and Δ*ψ*~m~-dependent transport activities \[[@pone.0181984.ref054]\]. Here, we show that *mai-2* mutants had increase Δ*ψ*~m~. Similarly, Fujikawa *et al*. \[[@pone.0181984.ref012]\] and Shah *et al*. \[[@pone.0181984.ref013]\] found higher Δ*ψ*~m~ in IF~1~-KD cells than in control cells. In these studies, they also observed lower ATP levels; therefore, they explained that the increase in Δ*ψ*~m~ was probably due to the high hydrolyzing activity of F~1~F~o~-ATPase. We did not observe any difference in the ATP concentration in MAI-2 deficient nematodes. Our results are related to previous observations in which IF~1~-silenced osteosarcoma cells show higher Δ*ψ*~m~ but no significant decrease in the ATP concentration \[[@pone.0181984.ref015]\].

Δ*ψ*~m~ loss is associated with apoptosis, although their relationship is not entirely yet understood \[[@pone.0181984.ref055],[@pone.0181984.ref056]\]. It is believed that the mitochondrial permeability transition pore (PTP) releases certain mitochondrial apoptogenic factors, which, in turn, trigger apoptosis. The probability of PTP opening increases with a decrease in Δ*ψ*~m~ \[[@pone.0181984.ref055],[@pone.0181984.ref057]\]. In our work, we found that *mai-2* mutants had a significantly lowered physiological germ cell apoptosis ([Fig 9A](#pone.0181984.g009){ref-type="fig"}). In addition, we observed that *mai-2* mutants had a partial apoptotic response to stresses like heat shock, exposure to UV-C and oxidative stress ([Fig 9B and 9C](#pone.0181984.g009){ref-type="fig"}). By contrast *mai-2* mutant animals show no changes in somatic apoptosis. Apoptosis in *C*. *elegans* soma and germline is regulated differentially. Apoptosis in the soma (embryo and larval stages) is regulated by the pro-apoptotic protein EGL-1 (a BH3-only domain protein) \[[@pone.0181984.ref042]\], while physiological germ cell apoptosis (in the gonad) is induced partially by the nematode Retinoblastome homologue protein LIN-35 \[[@pone.0181984.ref058]\] independently of EGL-1 \[[@pone.0181984.ref059]\]. Different pathways induce germ cell apoptosis under stress in *C*. *elegans* \[[@pone.0181984.ref042]\]. Germ cell apoptosis induced by DNA damage is regulated by the p53 worm homologue CEP-1 \[[@pone.0181984.ref060]\], which induces EGL-1 expression. Heat shock and oxidative stress induce germ cell apoptosis through the MAPK pathway and independently of EGL-1 \[[@pone.0181984.ref042]\]. Germ cell apoptosis induced by starvation is regulated by CED-9/BCL-2 down-regulation via LIN-35/RB \[[@pone.0181984.ref061]\].

We hypothesized that there might be a correlation between the lower germ cell apoptosis and high Δ*ψ*~m~ observed in MAI-2 deficient nematodes. Chen *et al*. proposed that IF~1~ deficiency maintains Δ*ψ*~m~ when complex III is inhibited, promoting cell survival and mitochondrial health \[[@pone.0181984.ref014]\]. Interestingly, IF~1~ has also been proposed to play an anti-apoptotic role, directly linked to IF~1~\'s role in regulating mitochondria cristae structure and the mitochondrial network integrity. Faccenda *et al*. showed that IF~1~-KD have cristae defects that enhanced cytochrome *c* liberation and the apoptotic cascade when treated with staurosporine \[[@pone.0181984.ref011]\].

Although, in *C*. *elegans*, there is no evidence of mitochondria outer membrane permeabilization by PTP and cytochrome *c* liberation during apoptosis, the mitochondrial network does seem affected and tubular mitochondria become fissioned \[[@pone.0181984.ref062]\]. There is also evidence that factors like WAH-1 \[[@pone.0181984.ref063]\] and CPS-6 \[[@pone.0181984.ref064]\] are released from the mitochondria and are important for cell apoptosis execution \[[@pone.0181984.ref065]\]. This structural change enables the hypothesis that high Δ*ψ*~m~ might conserve an orthodox configuration that decreases apoptotic events \[[@pone.0181984.ref066]\]. Our data suggest that Δ*ψ*~m~ might play a less important role during somatic apoptosis in *C*. *elegans*, but it is important to protect germ cells from this type of cell death.

MAI-2 protects *C*. *elegans* from stress {#sec025}
-----------------------------------------

In our work, we studied the impact on the survival of whole organisms deficient in IF~1~ (MAI-2) when threatened with cyanide (a mitochondrial complex IV inhibitor), CCCP (an uncoupler), heat stress and paraquat, a mitochondrial ROS generator. We found that *mai-2* mutants were more sensitive to cyanide or CCCP ([Fig 8A and 8B](#pone.0181984.g008){ref-type="fig"}), and less, but consistently, sensitive to heat shock or oxidative stress ([Fig 8C and 8D](#pone.0181984.g008){ref-type="fig"}). *C*. *elegans* is prone to encounter different stressors in the wild such as changes in temperature, unevenly distribution of oxygen in the soil or microbial pathogens such as *Pseudomona aeruginosa* that produce cyanide as a primary toxic factor that kills the nematode \[[@pone.0181984.ref044]\]. Due to these circumstances, we hypothesized that MAI-2 is necessary to protect whole animals from stress. Similarly, Fujikawa *et al*. and Campanella *et al*. observed that IF~1~-KD cells died at a higher rate than wild-type under fatal conditions such as paraquat and cyanide \[[@pone.0181984.ref004],[@pone.0181984.ref017]\]. By contrast, Chen *et al*. \[[@pone.0181984.ref014]\] showed that, in the absence of IF~1~, cells showed increased survival when treated with antimycin, a complex III inhibitor.

Our work showed that MAI-2 plays an important role in apoptosis, probably by regulating Δ*ψ*~m~. Additionally, we demonstrated that IF~1~ function is mainly observed under stress conditions and that, under physiological conditions, this protein apparently does not play an essential role. Our work urges the relevance of studying the role of IF~1~ under stress conditions in organism models like zebrafish and mice in which mutants are available. Although we focused on the study of MAI-2, due to the lack of an MAI-1 mutant, it will be interesting to study the function of MAI-1 because its expression is unusual.

Supporting information {#sec026}
======================

###### MAI-1::mCherry localizes in the hypodermis, rectum, vulva, neurons and coelomocytes.

One-day-old adult animals expressing the transgene *Pmai-1*::*mai-1*::*mCherry-mai-1 3'UTR* were observed under a confocal microscope. We observed the expression of mCherry::MAI-1 in the cytoplasm and nuclei of the hypodermis (hyp, shown with arrows) (A-B), in the rectum (rect), vulva, coelomocytes (cc) and neurons (C-D).

(TIF)

###### 

Click here for additional data file.

###### F~1~F~o~ATPase activity of the monomeric and dimeric F~1~F~o~ ATPase complex in *C*. *elegans* mitochondria.

F~1~F~o~ATPase purified extracts from a mix population of L4/young adult animals of the indicated background were loaded into blue native gels and ATPase activity was assessed after 2 h of incubation. Bt = *Bos taurus* F~1~F~o~ATPase was used as loading control.

(TIF)

###### 

Click here for additional data file.

###### Primers used for the construction of transgenes and CRISPR-Cas-9 genome editing.

(PDF)

###### 

Click here for additional data file.
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